Potential of Advanced Coal and Gas Combustion Technologies in GHG Emission Reduction in Developing Countries from Technical, Environmental and Economic Perspective  by Koh, Siong Lee et al.
Energy Procedia 12 (2011) 878 – 885
1876-6102 © 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of University of Electronic Science and Technology of 
China (UESTC).
doi:10.1016/j.egypro.2011.10.116
Available online at www.sciencedirect.com
 
Available online at www.sciencedirect.com
 
Energy 
Procedia   
          Energy Procedia  00 (2011) 000–000 
www.elsevier.com/locate/procedia
 
ICSGCE 2011: 27–30 September 2011, Chengdu, China 
Potential of Advanced Coal and Gas Combustion 
Technologies in GHG Emission Reduction in Developing 
Countries from Technical, Environmental and Economic 
Perspective 
Siong Lee Koh, Yun Seng Lim*, Stella Morris  
Department of Physical Science, Electrical and Electronic Engineering, Universiti Tunku Abdul Rahman, UTAR Complex, Jalan 
Genting Kelang, 53300 Setapak, Kuala Lumpur, Malaysia 
 
Abstract 
GHG emission from the developing countries is projected to contribute to 61% of the global GHG emission by 2030. 
With less economic resources, the developing countries face the unique challenge of balancing their economy growth 
and GHG emission reduction. The prevailing technologies such as renewable energy are still expensive, dependent on 
sufficient local renewable resources and require high level of technical expertise. Therefore, the developing countries 
cannot adopt these technologies in large scale to reduce the GHG emission effectively. Alternative technologies need 
to be explored.  In this paper, the potential of advanced coal and gas combustion technologies in reducing GHG 
emission in developing countries was studied. From the study, the advanced combustion technologies were found to 
be more cost effective than wind and photovoltaic technologies. 
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1. Introduction 
The world is still not able to agree on a climate deal [1]. Historically, the United Nations Framework 
Convention on Climate Change (UNFCCC) and Kyoto Protocol have mandated only the developed 
countries to reduce the GHG emission because of their higher emission level [2, 3]. However, based on 
the latest projection [4] as shown in Fig. 1, the total CO2 emission from the developing countries will 
surpass that of the developed countries and constitute 61% of the global emission by 2030. Therefore, it is 
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important that the emission in the developing countries be addressed seriously. 
 The renewable energy technologies are the prevailing technologies adopted by the developed 
countries as the solution to meet the energy demand and reduce the GHG emissions. For developing 
economies, the adoption threshold of renewable energy technologies is very high. The "adoption 
threshold" in this paper is defined as the minimum requirements in terms of financial resources, technical 
capability and natural resource endowment to adopt a new technology. The generation cost using 
renewable energy technologies are very high. In addition, most of the technologies are still under 
development and require high level of technical expertise for implementation. Further, the energy density 
of renewable energy is generally low and this prevents it from large-scale implementation. Malaysia, for 
instance, has  minimal potential in harnessing wind and ocean energies for electricity generation [5, 6]. 
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Fig. 1.  Trend of CO2 Emission by Developed and Developing Countries [4] 
The common characteristics of developing economies that are relevant to the GHG emission reduction 
and electricity generation can be summarized below: 
z Limited Technical Expertise: Based on a United Nation research of the global spending on research 
and development (R & D) on sustainable energy in 2009 [7], USD 18.9 billion or 77% of the spending 
is from the US and Europe. There is very little contribution from the developing countries. In terms of 
expertise and technological capabilities, the developing countries are far behind the developed 
countries. 
z Growing Electricity Demand: Industrializ\sation is still a main transformation factor in fueling the 
GDP growth of many developing nations. As a result, the electricity demand typically grows in 
tandem with the GDP.  
z Limited Financial Resources: Per capita income in developing countries is much lower, compared to 
the developed countries. Therefore, consumers in developed countries have more disposable income, 
and can afford a big increase in electricity price to cater for the green technology costs. 
z Reliance on Fossil Fuels: Fossil fuels are the main energy sources for the developing countries. For 
example, more than 90% of its electricity generation is derived from fossil fuels in Malaysia [8].  
z Low Renewable Resources: The adoption of renewable energy is also dependent upon the availability 
of resources. With wind energy as an example, the US and Europe have an average wind velocity of 
more than 5 and 7 ms-1 respectively. In comparison, Malaysia has an average wind speed of less than 
3 ms-1. With a typical cut-in speed of 3 m/s [9], there is little wind energy to be harnessed for 
electricity generation. . 
z Need for Scalability of Technologies: The rapid increase in power demand of the developing countries 
needs to be met using technology with high scalability. In developed countries, with low growth in 
their power demands, green energy sources can be added to merely reduce the usage of power plants 
with high emission factors. In developing countries, however, new power plants need to be installed to 
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meet the increasing power demand. Although renewable energy sources can be added into the energy 
mix, they may not shed the increasing peak demand. This is because their output profile may not 
match with the demand profile. Therefore, standby and reserved power plants with high scalability 
still have to be in place to ensure sufficient power supplies during peak hours. 
With these constraints in mind, a technology with lower adoption threshold will be beneficial to the 
developing countries. The advanced combustion technologies for coal and gas fired power plants appear 
to be a promising candidate in satisfying these criteria. Coal and gas power plants contribute to more than 
60% of the total global power generation. Coal, in particular, is certain to continue to be a major energy 
source for the world in the future because it is the cheapest fossil fuel and widely available across the 
world in both the developing and developed countries. The world coal consumption is projected to 
increase from the current 510 quadrillion Btu to 722 quadrillion Btu in 2030 [10]. Therefore, adopting 
highly efficient combustion technologies should bring significant benefits to the GHG emissions 
reduction, energy resources utilization, energy security and power generation cost. 
In this paper, the potential benefits of adopting the advanced combustion technologies in reducing 
GHG emission are assessed from the technological, environmental and economic perspectives. 
2. Technological Perspective 
In this section, the development in the combustion technologies for both the coal and gas power plants 
was studied. The scenario planning in the subsequent sections was based on the data summarised in this 
section. 
2.1. Natural gas power plant 
The natural gas-fired power generation was first started in 1950. The technology has been developed 
continuously and improved tremendously with many proven applications worldwide. 
From the laws of thermodynamics, it can be proved that the maximum efficiency of the gas turbine 
system cannot exceed that of the Carnot cycle in an ideal heat machine, expressed as: 
h
c
T
T
−= 1maxη
                                             (1) 
where ηmax is the maximum efficiency of a heat machine, Tc is the sbsolute temperature of the cold sink 
(K), and Th is the Absolute temperature of the hot source – firing temperature of the turbine (K). 
As per (1), the efficiency of the power plant can be improved by increasing the firing temperature of 
the gas turbine. Coupled with the combined cycle arrangement using the effective HRSG system, the 
thermal efficiency of the gas turbine can be increased substantially. The latest generation of Class H 
turbines produced by General Electric has achieved a thermal efficiency of 60%. This is a significant 
improvement over the typical thermal efficiency of gas power plants. In Malaysia, for example, the 
average thermal efficiency is 45.2 % for combined cycle and 28.7% for open cycle in Malaysia [11]. 
Although the highly efficient technology is available, the old generation turbine technology is still the 
preferred choice because of its lower cost. An advanced gas power plant based on the latest Class H 
turbine is USD 1,172 per kW. This is 80% higher than the average capital cost of USD 652 for a typical 
gas power plant [12].  
2.2. Coal fired power plant 
The key combustion technologies used in coal fired power plants are based on steam turbines. The 
resulted steam is then used to drive a turbine. There are two main types of steam turbine technology: (i) 
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pulverised coal combustion (PCC); and (ii) fluidised bed combustion (FBC). 
PCC is the oldest and most widely used steam turbine technology, with plant capacity larger than 1000 
MW. As shown in Table 1 [12], the technology is further divided into three categories: sub-critical, 
supercritical, and ultra-supercritical based on the operating temperature of the steam.  
The latest FBC technology has advantage over the PCC because it emits lower SOx and NOx gases. 
This is achieved by having the sulphur precipitates out of the grained limestone in the fluidised bed and 
operating at a lower combustion temperature. The FBC can also be categorised into three categories as 
shown in Table 1. Based on the current available technology, the FBC has a lower plant capacity, with a 
limitation of 350 MW. The highest efficiency achieved by the pressurised FBC is 44% [12], which is 
lower than the PCC technology. 
The latest development in the gasification process has enabled coal to be used as the fuel for the gas 
turbine. The technology is known as the integrated gasification combined cycle (IGCC) system. In the 
gasification process, the coal reacts with oxygen and steam to produce hydrogen and carbon monoxide. 
The resulted combined gas is known as syngas. The syngas is then burnt to drive the gas turbine in a 
combined cycle system. The IGCC technology is currently under active development. It has a thermal 
efficiency of only 45% and a capital cost of USD 1300 per kW [12]. Financially, it is not competitive 
with other coal power plant technologies. However, the Department of Energy, USA has established a 
R&D programme to increase the efficiency to 50% by 2010 and 60% by 2020 [12]. Under the programme, 
it is expected to lower the capital cost to USD 900 per kW by 2020. 
 Table 1: Comparison of different coal fired power plants 
 PCC FBC 
IGCC Sub- critical Super- critical Ultra- super- critical Sub- criti- cal Super- critical Pressu-rised 
Typical Unit Size (MW) ≤ 1300 ≤ 1300 ≥ 1000 ≤ 350 ≤ 350 ≤ 350 ≤ 600
Plant Effi- ciency ≤ 40% 42 - 47% 47 - 50% 38 - 40% 43% 44% ≤ 45%
Steam Tempe- rature (oC) 375 ≥ 540 ≥ 580 375 ≥ 540 375 N/A
 
As the coal is projected to remain a major fuel source for the power industries in many countries, 
concerted efforts have been expended in developing clean coal technology.  Carbon capture and storage 
(CCS) is one among the promising ones. The process involves three distinct sub-processes: (i) capturing 
CO2 from the gas streams, (ii) transporting the captured CO2, and (iii) storing CO2 in geological 
formation. In a previous study [13], it was found that, while the technology reduces the plant efficiency 
up to 15%, it is an effective alternative in mitigating global warming. It may reduce the CO2 emission 
factor of coal plants by 92%. In the study, it was also found that the CCS is more efficient when applied 
to the IGCC technology, compared to PCC. When applied to the IGCC technology, the power plant 
requires a lower capital cost of USD 2 million per MW, compared to USD 2.5 million per MW for PCC. 
The thermal efficiency is higher at 33.9%, compared to the 28.0% of the PCC [13]. Also, it has a lower 
CO2 emission factor of 0.089 ton / MWh, compared to 0.108 ton / MWh of the PCC. 
There are a number of challenges, however, to be overcome for large scale implementation of CCS, 
from the technological, financial and legal perspectives. The additional process of CCS incurs significant 
cost and consumes heat in the generation process. This reduces the overall process efficiency to 33.9%. 
Locating safe and sustainable storage for the large amount of CO2 is another challenge. International 
treaties and legal framework are being amended to allow for storage of CO2 in formations under the 
international waters. To increase its financial appeal, the CCS is also being reviewed to enable it to 
receive carbon credits under the CDM (Clean Development Mechanism) scheme [4]. 
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3. Environmental Perspective 
The IPCC (Intergovernmental Panel on Climate Change) tier 1 emission factors were applied for all 
the power generation process except for the hydropower and CCS technology. For the hydropower, an 
emission factor of 90 g / kWh is used, following the Clean Development Mechanism (CDM) criteria.  A 
CO2 emission factor of 0.089 ton / MWh was adopted for IGCC-CCS technology as described in previous 
section [13]. The emission factors are summarised in Table 2.  
Table 2: Emission factor 
No Technology  Emission Factor, CO2 Equivalent (g / kWh) 
1 Hydro 90 
2 Diesel 845 
3 Biomass 20 
4 Open Cycle Gas 700 
5 Combined Cycle Gas 445 
6 Conventional PCC Coal 1,011 
7 Advanced Combined Cycle Gas – Class H 335 
8 Advanced Ultra-supercritical PCC Coal 670 
9 IGCC with CCS 94 
10 PV 0 
11 Wind turbine 0 
4. Economic Perspective  
The generation costs of all typical power generation technologies were assessed. The study included 
the capital cost, fixed and variable operation and maintenance (O & M) cost, and fuel cost. Key 
parameters for cost analysis are obtained from various sources and summarised in Table 3.  
The unit costs of power generation using the various technologies were computed and presented in Fig. 
2. The costs for PV and wind power plant were computed based on findings from [6]. The exceptionally 
high cost of wind farm is due to the low wind speed and hence a low effective plant factor of only 8.76% 
as concluded in the previous research [6]. The effective plant factor for PV is 19%. For the other plants, a 
plant factor of 80% was adopted in this calculation. 
 Table 3: Key parameters for cost analysis 
No Tech-nology  Plant Life Time [Year ] 
Effi-ciency 
[%] 
Capital Cost
[RM (US$) / 
kW] 
Fuel cost [RM (US$) / 
kWh output] a 
Fixed O&M cost  [RM 
(US$) / kW / year] 
Variable 
O&M cost 
[RM (US$) / 
GJ] 
1 Hydro 50 b 47 b 12270 
c 
(3506) 0 173.25 
b (49.50) 0.4200 
b 
(0.1200) 
2 Diesel 20 31 b 1200 c (343) 0.5100 d (0.1457) 0 e 6.0278 
f 
(1.7222) 
3 Biomass 20 b 33 b 10762 
b 
(3075) 0 
g 27.30 b (7.80) 10.2200 
b 
(2.9200) 
4 OCGT 20 b 28.7 b 3600 
c 
(1029) 0.1272 
h (0.0363) 177.21 b (50.63) 1.9600 
b 
(0.5600) 
5 CCGT 20 b 45.2 b 6000 
c 
(1714) 0.0808 
h (0.0231) 128.10 b (36.60) 2.2050 
b 
(0.6300) 
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6 Conven-tional PCC Coal 30 
b 33.15 b 5167 
c 
(1476) 0.0664 
j (0.0190) 241.50 b (69.00) 2.5200 
b 
(0.7200) 
7 Class H CCGT 20 b 60 7820 
i 
(2234) 0.0608 
h (0.0174) 128.10 b (36.60) 2.2050 
b 
(0.6300) 
8 Ultra- super -critical PCC Coal 30 
b 50 8877 
l 
(2536) 0.0440 
j (0.0126) 235.25 b (67.21) 2.6250 
b 
(0.7500) 
9 IGCC with CCS 20 b 33.9 9983 
m 
(2852) 0.0649 
j (0.0185) 315.00 b (90.00) 13.6500 
b 
(3.900) 
10 PV 20 b NA 28000
k 
(8000) 0 31.50 
b (9.00) 4.3750 
b 
(1.2500) 
Note: 
a Fuel cost was computed separately and added to the LEAP analysis; b Data based on findings in [14]; c Cost computed based on 
SESB press release [15, 16]; d Based on current subsidised diesel price of RM 1.70 per litre and average generator consumption of 
0.3 litre per kWh output; e All O & M (operation and maintenance) costs for diesel plant are lumped in the variable O & M cost; f 
Cost obtained from [17]; g Zero fuel cost was assumed for the biomass plant as all the plants are to be built at the existing palm oil 
processing factories; h The fuel price is computed using subsidised gas price of RM 10.70 per mmbtu [18] in Malaysia and the 
corresponding plant efficiency for the respective technology; i Additional USD 520 per kW based on previous research [12] is 
added to the capital cost of a standard combined cycle gas plant of RM 6000 per kW; j The fuel cost is computed based on 2009 
Indonesian coal price of USD30.72 per ton for the coal grade of 4200 kCal/kg [19] and the corresponding plant efficiency of the 
technology; k Capital cost of PV includes installation of complete system [20] and assumed to reduce annually by 3.6% [21]; l 
Additional USD 1060 per kW based on previous research [12] is added to the capital cost of a conventional PCC coal plant of RM 
6000 per kW; m Additional USD 316 per kW based on previous research [14] is added to the capital cost of a conventional PCC coal 
plant of RM 6000 per kW; n A foreign currency exchange rate of USD 1 = RM 3.50 applied for all above calculation; o All costs 
used in this paper are nominal current price. 
 
The cost of electricity generated from renewable sources is more than 4 times higher than the advanced 
combustion technology. Among the technologies considered, the generation cost using IGCC with CCS is 
the highest at RM 0.28 per kWh. When compared to cost of PV and wind turbines at RM 1.56 and RM 
1.60 respective, it is still substantially cheaper. 
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Fig. 2. Average cost of electricity generation 
Among the gas power plants, the advanced class H gas plant with 60% efficiency actually achieves a 
lower generation cost of RM 0.18 per kWh, compared to that of the conventional open cycle (RM 0.44) 
and combined cycle gas plant (RM 0.20). For the coal technology, the cost increases from RM 0.16 to 
RM 0.18 per kWh when advanced ultra-supercritical PCC plant is adopted. For the much cleaner IGCC 
with CCS plant, the unit electricity cost is RM 0.28 per kWh. 
884  Siong Lee Koh et al. / Energy Procedia 12 (2011) 878 – 885 Siong Lee Koh et al. / Energy Procedia 00 (2011) 000–000 7 
5. Discussion of Results 
Table 4: Cost of GHG emission avoided 
   A  B C=A/B* 1000000 
No Technology Unit Cost (RM / kWh) 
Incre- mental Cost 
(RM / kWh) 
Emiss -ion 
Factor (g/ kWh)
Emiss- ion Reduct- 
ion (g/ kWh) 
Cost of Emission Reduct-  
ion (RM /ton CO2) 
1 Conventional Coal  0.1634 NA 1,011 NA NA
2 Advanced Ultra-super-
critical PCC Coal 
0.1790 0.0155 670 341 46
3 IGCC with CCS 0.2831 0.1197 94 917 131
4 Class H CGGT  0.1826 0.0191 335 676 28
5 PV 1.5612 1.3977 0 1,011 1,383
6 Wind Turbine 1.6064 1.4429 0 1,011 1,427
 
The cost of GHG emission avoided is computed in Table 4. The unit generation cost was obtained from 
the calculation in Fig. 2. The incremental cost (A) is the difference of the unit generation cost of the 
technology being investigated and that of the conventional PCC Plant. The emission factors were 
computed as per Table 2. The emission reduction (B) was then obtained by computing the difference in 
the emission factor of the conventional PCC plant and that of the technology being investigated. The cost 
of emission avoided (C) can then be computed by dividing A by B as shown in Table 4. Using advanced 
ultra-supercrital PCC Coal, IGCC with CCS and advanced gas combine cycle technologies, the cost of 
emission reduction was found to be between RM 28 per ton to RM 131 per ton. This is much cheaper than 
the costs of PV and wind turbine, which were found to be RM 1,383 per ton and RM 1,427 respectively. 
6. Conclusion 
From the above study, it was found that the advanced combustion technology is effective to reduce the 
GHG emission based on proven technology. It is more cost effective in terms of unit electricity generation 
cost and cost of emission avoided. As computed above, the cost of emission avoided is as low as RM 28 
per ton CO2 equivalent. At the European Climate Exchange, CO2 is currently being traded around 12.70 
Euro (RM50.80) [22]. Hence, the additional cost may be financed through carbon trading, subject to 
meeting the criteria of CDM or other similar mechanism. 
For countries with low renewable energy resource, the advanced combustion technology will be very 
competitive and effective in GHG emission reduction. It can be a viable option for policy makers at the 
national and international level to provide the close gap measure while the other new technologies such as 
renewable energy technologies are under development. For an equivalent amount of money spent in CO2 
emission reduction, the advanced combustion technology is able to deliver much more reduction in GHG 
emission compared to that from the renewable technologies. 
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